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In glaucoma, retinal ganglion cell death results in axon loss and thinning of the retinal nerve fibre layer. Cell loss may precede visual field deterioration 1 2 and it has been estimated that the retinal ganglion cell population at any retinal locus may be reduced by 50% before this can be detected using conventional perimetric techniques. 3 Early detection of nerve fibre layer thinning should facilitate the earlier diagnosis of glaucoma and improve the long term prognosis for the patient.
Clinical examination of the retinal nerve fibre layer is valuable in diagnosing disease 1 4 but remains, essentially, a subjective technique in spite of the development of several quantification systems. 5−7 Confocal scanning laser tomography can provide detailed topographic maps of the retinal surface 8 9 but requires the derivation of a stable reference plane relative to which changes in retinal surface height can be measured. Currently, reference planes are derived from points on the retinal surface 8 whose surface height can change with disease progression, thereby reducing sensitivity for the detection of nerve fibre layer thinning.
Scanning laser polarimetry has recently been introduced as a method that can avoid these shortcomings since it has the potential to measure directly the thickness of the retinal nerve fibre layer based on its birefringent properties. 10 11 The retinal nerve fibre layer is thought to behave as a form birefringent medium 12 as a result of the ordered arrangement of axonal microtubules and neurofilaments. 13 Previous histological analysis in the primate has shown a clinically useful correlation between nerve fibre layer thickness and retardation measurements. 14 A complicating factor in these studies has been the eVect of birefringent ocular structures such as the cornea 15 that may adversely influence the correlation of retardation with retinal nerve fibre layer thickness. The Nerve Fiber Analyzer (NFA, Laser Diagnostics Inc, San Diego, USA) is designed to minimise this eVect using a proprietary "compensator" 11 which corrects for corneal birefringence. As yet, however, no study has assessed the influence of this device on the correlation of retinal nerve fibre layer birefringence and thickness. In the present study retinal retardation values have been correlated with histological measures of nerve fibre layer thickness in an intact eye. Polarimetric images obtained in the primate are also compared with those obtained from patients examined in the clinical setting.
Methods
Retardation measurements were made in a single adult male primate (Macaca mulatta). Animal procedures were conducted within ARVO guidelines for the Use of Animals in Ophthalmic and Vision research. The primate weighed 9.6 kg, had taken part in a breeding programme, and was unsuitable for long term experiments. Polarimetric measurements were made 24 hours following recovery from a procedure in which the neuroanatomical tracer, horseradish peroxidase, had been implanted in the visual cortex. The animal was sedated with 20 mg/kg of ketamine hydrochloride intramuscularly (Vetalar, Parke Davis Veterinary) and then anaesthetised with intravenous sodium thiopentone (Rhone-Merieux). Measurements took about 2 hours during which core temperature, respiratory rate, and anaesthetic requirement were continuously monitored. The eyelids of the scanned eye were retracted using 6-0 silk sutures and the corneal surface protected by the liberal application of 0.9% saline. The retraction suture was released in the periods between examinations to preserve the optical quality of the cornea.
Polarimetric images were taken using a Mark II Nerve Fiber Analyzer (NFA). The technical details of the NFA have been described elsewhere. 10 11 16 The corneal birefringence compensation range of the NFA was modified by the manufacturer to cope with the polarising eVect of the primate cornea. The software permitted simultaneous fundus examination using an extended focus image obtained from the scanning laser ophthalmoscope. An experienced operator obtained at least three images from each eye using the 15 degree field of view and then selected the highest quality image for analysis, being masked to the process of histological reconstruction.
After completion of the polarimetric measurements, the animal was given a further, lethal dose of anaesthetic and the upper body was immediately perfused transcardially with 1 litre of 0.9% saline at room temperature, followed by 1 litre of fresh 4% paraformaldehyde in 0.1 M phosphate buVer (pH 7.4). The eyes were removed intact and postfixed for a further 72 hours in 4% paraformaldehyde. In the eye selected for comparative measurements, an area of retina and underlying choroid and sclera (approximately 1 cm square and centred in the optic disc) was removed and fixed for a further 24 hours at room temperature in 30% sucrose in phosphate buVered 4% paraformaldehyde. Frozen sections were cut at a thickness of 60 µm, every section being stored in paraformaldehyde in 0.1 M phosphate buVer at 4°C. The tissue was oriented so that the sections ran parallel to a line joining the fovea and centre of the optic disc.
Sections were coverslipped under phosphate buVer and examined at ×400 magnification using diVerential interference contrast (DIC) optics on an Olympus BH2 microscope. The retinal nerve fibre layer thickness was measured at 360 µm intervals along every sixth section using an eyepiece mounted micrometer (2 µm per division). The position of blood vessels and disc margins were noted in these and additional sections to refine the location of these retinal landmarks. A map of retinal nerve fibre layer thickness was constructed using these measurements. Manipulation of the retardation map was facilitated by condensing the 256 × 256 pixel image displayed by the NFA software to one in which each retardation point represented the mean of a 2 × 2 pixel square. The thickness values from the NFA were each divided by 7.4 to convert to degrees of retardation. 14 17 Vertical and horizontal scaling for both maps was calculated from the horizontal and vertical dimensions of the optic disc with reference to the extended focus and retardation images. A tracing of the scaled nerve fibre layer thickness map was then placed over the retardation map and final alignment achieved manually, using the optic disc and retinal vasculature as landmarks. Since each section was 60 µm thick, the nerve fibre layer thickness measurement was taken to correspond with a 60 µm sided square at the retinal surface. The mean of the retardation values that fell within this square was paired with the thickness measurement and used to calculate the correlation coeYcient. Samples that bordered on, or overlaid, blood vessels were excluded from the analysis. Statistical analysis was undertaken using SPSS for Windows (Version 6.0, Chicago, IL, USA). Correlation coeYcients were calculated using the Pearson correlation coeYcient with a two tailed test for significance.
In patients, images were acquired in the course of routine clinical management using the Mark I NFA. All subjects gave informed consent and the study was conducted in accordance within the guideline of the ethical standards committee of the United Bristol HealthCare Trust. At least three scans were performed on each patient for which the best quality image was included in the analysis. 
Results
The retardation image for the eye in which the nerve fibre layer thickness measurements were made is shown in Figure 1A and was of similar quality to those obtained clinically. Brighter areas on the retardation map correspond to regions of increased retardation as seen at the inferior and superior poles of the optic disc. Blood vessels and the optic disc itself (Fig 1B) are clearly demarcated as areas of lower retardation. The retinal sections in Figure 2 show the boundaries (arrowed) used to measure the nerve fibre layer; these could be easily defined using DIC optics, avoiding the need for a counterstain and the artefacts that result from tissue dehydration. Figure 2B shows the increased thickness of the nerve fibre layer at the disc margin, illustrating how retinal blood vessels run deep in the nerve fibre layer as they approach the optic disc. Nerve fibre layer measurements overlying these blood vessels were excluded from the analysis. One section was analysed independently by two observers to estimate any measurement bias. 18 For 23 independent measurements of nerve fibre layer thickness along the section, the mean diVerence between observers was 8.6 µm (SD 7.6 µm). Figure 3 shows selected nerve fibre layer thickness measurements that illustrate the changes in nerve fibre layer thickness around the disc. The histological location of blood vessels used to align and rotate the maps have been superimposed on the location taken from the digital map to illustrate the correspondence between landmarks. The disc margins at the superior and inferior poles are also shown (open arrows). The nerve fibre layer was thickest at the temporal aspects of the superior and inferior disc poles, peaking at 210 µm superiorly and 286 µm inferiorly (Fig 3) . At the nasal and temporal aspects, the thickness reduced to 114 µm and 100 µm respectively. Superiorly and inferiorly, axon bundles turned sharply towards temporal retina, thinning to approximately 20 µm at the macula (not shown in Fig  3) . The relation between retardation and thickness is illustrated for five representative sections in Figure 4 . Retardation values are given in µm (as read oV the digital map provided by the NFA) and have not been converted to degrees of retardation.
Satisfactory histology retardation matches were obtained at 216 locations and are plotted in Figure 5 . The overall correlation coefficient for nerve fibre layer thickness against retardation at these locations was r = 0.70 (p<0.001). More complex curve fitting of the same data using quadratic and cubic models gave only a modest improvement in the correlation coefficient (to 0.72 in both cases).
Regional estimates for this correlation were calculated by dividing the image into four 90 degree quadrants (superior, inferior, nasal, and temporal) centred upon the optic as shown in Figure 3 . The correlation coeYcients, gradients, and intercepts for these segments are given in Table 1 . The highest correlation is seen at the inferior disc pole, with less positive correlations occurring superiorly and temporally. The lowest correlation was seen at the nasal aspect of the disc. The slope of the line (b) also varied around the disc, being steeper in the inferior and temporal aspects and shallowest nasally. Figure 6 shows how retardation and nerve fibre layer thickness change around the optic disc. Histology retardation comparisons were obtained at 47 points located in a peripapillary zone with inner and outer boundaries at 1.5 and 2.0 disc diameters from the disc centre. Note that, inferiorly, there is better alignment between peak values for retardation and thickness compared with the superior disc pole where the peak retardation value lies slightly nasal to the peak nerve fibre layer thickness.
To provide comparison with clinically obtained retardation images, the corresponding mean retardation profiles for 10 normal right and left eyes are shown in Figure 7 (mean age 63.8 (SD 8.6) years, five male, five female). Retardation values were taken from a peripapillary zone as described for Figure 6 . The profiles have been averaged for left and right eyes and are normalised with respect to their peak values. As seen in the primate, the inferior peak retardation values, which tended to have greater amplitude, were closely aligned with the inferior pole of the optic disc. Superiorly, the peak retardation values occurred on the nasal aspect of the superior disc pole.
Discussion
The present study describes the relation between nerve fibre layer thickness with retardation measures obtained in vivo in an intact primate eye. It extends previous work 14 comparing histological measurement of the retinal nerve fibre layer thickness with the retardation values and provides suYcient data to explore any regional variation in the correlation between these variables. Our histological assessment of retinal nerve fibre layer thickness in the primate is in broad agreement with previous studies 5 14 and with clinical descriptions of the contour of the peripapillary retinal nerve fibre layer. [19] [20] [21] We found the peak nerve fibre layer thickness to be slightly greater than reported previously for the primate. For example, Radius 22 reported mean nerve fibre layer thicknesses of 228 µm and 194 µm at the superior and inferior disc poles. Ogden 23 reported detailed analysis in a single retina that showed a thickness of 200 µm approximately 1 mm inferior to the disc and 200 µm at the superior disc border. The diVerence between our data was greater at the nasal and temporal aspects where the thickness was no more than 50 µm in both these studies compared with our study in which the thickness did not fall below 100 µm. These discrepancies may reflect tissue processing artefacts since in previous reports the retinal tissue was dehydrated and stained before analysis.
The nerve fibre trajectory from the optic disc margin is consistent with earlier descriptions of the retinal nerve fibre layer in the primate 5 and the human. 24 25 When all the histology and retardation pairs are treated together, nerve fibre layer retardation shows a good correlation (r = 0.70) with retinal nerve fibre layer thickness. However, it is lower than reported in an earlier study of nerve fibre layer polarimetry in the primate 14 (r = 0.83). Several factors may account for this diVerence. Most importantly, in this study the eye was imaged in vivo, with the cornea in place. The correlation, therefore, not only reflects the device's ability to measure nerve fibre layer retardation, but also its capacity to neutralise the confounding eVect of corneal birefringence. For the previous anatomical study, the Fourier ellipsometer used a shorter wavelength laser and provided a more complete measure of the retardation produced by the nerve fibre layer. By contrast, the NFA is restricted to measuring changes in linear birefringence 14 16 possibly accounting for the diVerence in the range of retardation values for the two studies. Since diVerent illuminating wavelengths were used in these studies and the same birefringence will have diVerent values at diVerent wavelengths, the retardation is better 14 The diVerence is less marked when account is taken of the diVerent illuminating wavelengths with these values corresponding to 5.2 µm/nm for Weinreb et al compared with 7.5 µm/nm for the present study.
The peripapillary variation in the correlation coeYcient and linear relation for retardation and nerve fibre layer thickness has not previously been described. It is possible that it results from poor alignment of the retardation and thickness maps. We think this is unlikely in view of the ease with which landmarks could be aligned in the two maps (less than one degree of relative rotation was required). The extent of histological artefact can be estimated by calculating the relation between the linear dimensions of the retinal map and the angular dimensions of the retardation map (retinal magnification factor). Based on the thickness of each section, the retinal segment covered 3655 µm vertically and 3709 µm horizontally. The retardation map subtended 15 degrees giving a vertical retinal magnification factor of 243.7 µm/deg and horizontal magnification factor of 247.3 µm/deg. Both values are close to the previously reported retinal magnification factor in the macaque at the fovea of 223 µm/deg, 27 suggesting little tissue distortion. At the superior and inferior disc poles some variation in correlation might be anticipated from inspection of the scans from the 10 normal patients. Superiorly, the peak retardation values lie slightly nasal to the superior pole whereas the inferior retardation peak is aligned to the inferior disc pole. A similar picture is seen in the primate (Fig 6) , in which the peak retardation value at the superior pole lies slightly nasal to the peak nerve fibre layer thickness. Interestingly, this alignment can also be seen in studies in which the cornea had been removed prior to scanning (see Dreher et al fig  4   10 ), suggesting that although corneal birefringence may account for some of this discrepancy, it is not the sole explanatory factor. We do not have an explanation for the nasal shift in the superior retardation value.
In spite of the complexities of the nerve fibre layer retardation relation shown in the present study, the NFA has significant clinical potential. Retardation measurements are consistent with the known properties of the retinal nerve fibre layer in normal and glaucomatous eyes 16 and show an age related decrease 28 that would be expected from histological studies of the optic nerve. 29 30 A recent large study using the device to discriminate between normal and glaucomatous eyes reported very high sensitivity and specificity. 31 However, in order to be clinically useful, retardation values at the superior and inferior disc poles had to be expressed relative to each other or to the nasal aspect of the disc. 32 Quantitative comparison of retinal nerve fibre layer photography and the NFA in the assessment of glaucomatous and ocular hypertensive patients showed, at best, a correlation coeYcient of 0.53. 33 Indeed, a stronger correlation of mean defect was found with scored nerve fibre layer photographs than with polarimetric measurements. 33 Histological comparison of retinal nerve fibre layer thickness with retinal nerve fibre layer polarimetry has not been undertaken in the human. The importance of such an 
